Abstract
Ricinoleic acid, an industrially useful hydroxy fatty acid (HFA), only accumulates to high levels in the triacylglycerol fraction of castor bean endosperm even though it is synthesized on the membrane lipid phosphatidylcholine (PC) from an oleoyl ester. The acyl chains of PC undergo intense remodeling through the process of acyl editing. The identity of the proteins involved in this process, however, are unknown. A phospholipase A 2 (PLA 2 ) is thought to be involved in the acyl editing process. We show here a role RcsPLA 2 α in the acyl editing of HFA esterified to PC. as a PLA 2 with HFA specificity. Activity assays with yeast microsomes showed a high specificity of RcsPLA 2 α for ricinoleic acid, superior to that of the endogenous AtsPLA 2 α. These results point to RcsPLA 2 α as a phospholipase involved in acyl editing, adapted to specifically removing HFA from membrane lipids in seeds.
INTRODUCTION
Phospholipase A enzymes (PLAs) catalyze the hydrolysis of either the sn-1 (PLA 1 ) or the sn-2 (PLA 2 ) ester bond of phospholipids to produce lysophospholipids and free fatty acids (FAs).
They are involved in several biological processes in both animals and plants (Chen et al., 2011) :
1] as a component of the acylation/hydrolysis of phospholipids in the so called "Lands cycle"
involved in primary lipid metabolism in animals (Lands, 1960; Balsinde and Dennis, 1997; Imae et al., 2010) and plants (Li et al., 2013) , 2] in membrane architecture and trafficking (Lee et al., 2010; Kim et al., 2011) , 3] in the production of bioactive compounds involved in signaling, pathogen defense and programmed cell death (Munnik and Testerink, 2009; Canonne et al., 2011) , 4] in catalyzing the hydrolysis of oxidized lipids (van Kuijk et al., 1987; Banaś et al., 1992) , 5] in seed storage lipid mobilization (Rudolph et al., 2011) , and 6] in uncommon and modified FA production in seeds (Bafor et al., 1991; Ståhl et al., 1995; Bates and Browse, 2011) .
With recent developments in the understanding of lipid biosynthesis, focusing on FA incorporation and turnover in phosphatidylcholine (PC), attention is moving from the traditional Kennedy pathway of lipid synthesis to that of acyl editing (Bates et al., 2012; Wang et al., 2012; Xu et al., 2012) , with the relative importance of each pathway in lipid synthesis depending on the plant species (Bates and Browse, 2012) . Acyl turnover in membrane lipids, through a cycle of deacylation/acylation of PC to lysophosphatidylcholine (LPC), was first evidenced by Lands (1958) . Substantial progress has been made in the understanding of the acylation mechanism of LPC, involving lysophosphatidylcholine acyltransferases (LPCAT) (Ståhl et al., 2008; Bates et al., 2012; Wang et al., 2012; Xu et al., 2012) . As suggested by Lands (1960) , PC deacylation was initially thought to result from the activity of a phospholipase. Up to now, in plants, however, evidence suggests that LPC production comes from the action of phospholipid:diacylglycerol acyltransferase (PDAT) (Zhang et al., 2009; van Erp et al., 2011; Xu et al., 2012) and through the reverse activity of LPCAT (Stymne and Stobart, 1984; Yurchenko et al., 2009; Bates et al., 2012; Lager et al., 2013) . Thus acyl editing includes a broader set of enzymatic activities than originally envisioned by Lands. Despite the recent description of a patatin-related phospholipase, pPLAIIIδ, contributing to acyl turnover in PC (Li et al., 2013) , phospholipase involvement in acyl editing in plants remains largely to be determined.
In contrast to common FAs, FAs with unusual functional groups only accumulate to relatively high levels in seed triacylglycerol (TAG), and are excluded from membrane lipids (Millar et al., 2000) . Phospholipase activity has also been shown to be involved in the metabolism of the uncommon FAs; ricinoleate (12-OH 18:1∆9cis), vernoleate, and the short chain FAs caprylate and laurate in plant seeds (Bafor et al., 1991; Ståhl et al., 1995) . In castor (Ricinus communis), ricinoleate is synthesized from oleate (18:1∆9cis) esterified to the sn-2 position of PC, and the activity of a ricinoleate specific phospholipase is involved in liberating the newly formed hydroxy fatty acid (HFA) for further incorporation into TAG (Bafor et al., 1991) . Phospholipases may also be involved in maintaining cellular membrane integrity through hydrolysis of oxidized lipid. Banás et al. (1992) showed in a variety of plants that both lipid peroxides and lipid hydroxides were preferentially hydrolyzed over non-oxidized lipids.
In plants, three major groups of PLAs have been identified: the patatin related pPLAs, the DAD-like PLA 1 , and the secretory/small sPLA 2 s (Matos and Pham-Thi, 2009; Chen et al., 2011) .
In the first group, pPLA proteins show homology to patatin, a storage glycoprotein with lipase activity present in potato tubers, and have been associated with signaling, pathogen defense and lipid mobilization during seed germination (Scherer et al., 2010) . In the second group of PLAs, DAD1 and DONGLE are clearly involved in signaling and jasmonate production (Ishiguro et al., 2001; Seo et al., 2009) . The third group contains four paralogous genes coding for low molecular weight PLA 2 s of around 14 kDa, sPLA 2 α, -β, -γ and -δ Matos and Pham-Thi, 2009 ). Evidence for the involvement of sPLA 2 in signaling and pathogen defense is more limited (Munnik and Testerink, 2009; Canonne et al., 2011) . Their involvement in membrane trafficking, however, is emerging: reductions in sPLA 2 expression in Arabidopsis plants led to golgi disruption and inhibition of PIN auxin efflux transporter traffic to the plasma membrane in roots (Lee et al., 2010) , and also to membrane disruption in pollen (Kim et al., 2011) . Two other proteins, SOBER1 (Kirik and Mudgett, 2009 ) and LCAT-like4 (Chen et al., 2012) unrelated to these three main families, have also been identified as PLA 2 s.
With the aim of gaining more insights into the involvement and identities of PLA 2 s involved in acyl editing and HFA metabolism, with potential downstream industrial applications, we made use of the available castor bean endosperm transcriptome database (Troncoso-Ponce et al., 2011) and the transgenic Arabidopsis seed line CL37 expressing the castor fatty acid hydroxylase12 (FAH12) (Lu et al., 2006) . Amongst the PLA genes examined from the castor endosperm transcriptome, RcsPLA 2 α was the most highly expressed, indicating possible involvement in ricinoleate metabolism in castor. Expression of RcsPLA 2 α in CL37 seeds led to a drastic reduction in HFA levels both in TAG and PC fractions. Also, microsomal fractions from yeast expressing RcsPLA 2 α showed strong activity with sn-2-ricinoleoyl-PC as a substrate. Our results suggest roles for RcsPLA 2 α in: 1) the acyl editing to generate LPC for re-acylation through LPCAT activity, 2) freeing HFAs for activation to acyl-CoA and incorporation into TAG and 3) contributing to membrane integrity though the removal of potentially deleterious ricinoleate from membrane lipids.
RESULTS

PLA 2 α is the Most Highly Expressed PLA in Developing Castor Endosperm
To identify which of the PLA genes are potentially involved in castor lipid metabolism, (Lee et al., 2003; Ryu et al., 2005; Mansfeld and UlbrichHofmann, 2007) , whereas AtpPLAI is selective for galactolipid acyl-chains at both sn-1 and sn-2 positions (Yang et al., 2007) and the PLA 2 AtLCAT-like4 displays the acyl preference oleoyl>linoleoyl>ricinoleoyl and is mostly cytosolic (Chen et al., 2012) .
Phylogenetic and Sequence Analysis of sPLA 2
Phylogenetic analysis shows the evolutionary relatedness of sPLA 2 protein sequences from castor, Arabidopsis and rice (Fig. 1) (Seo et al., 2008; Matos and Pham-Thi, 2009; Lee et al., 2010; Singh et al., 2012) . A common motif (-LHKP) is found at the C-terminus of both the rice and castor sPLA 2 α sequences, constituting a putative ER retention signal (Singh et al., 2012) .
RcsPLA 2 α Expression Leads to a Dramatic Reduction of HFA Levels in CL37 Seeds
RcsPLA 2 α and RcsPLA 2 β were cloned from a castor endosperm cDNA library, introduced into the expression vector pGate-DsRed-Phas (Lu et al., 2006) and expressed under control of the seed-specific phaseolin promoter (Slightom et al., 1983) in the Arabidopsis CL37
line. CL37 is an Arabidopsis line expressing RcFAH12 and accumulating 17% HFAs including ricinoleic acid and densipolic acid (12-hydroxy-octadec-cis-9,15-enoic acid; 18:2-OH) (Lu et al., 2006) . CL37 is also mutated in its fatty acid elongase (fae1) gene (Kunst et al., 1992) and is thus devoid of the very long chain HFAs lesquerolic acid (20:1-OH) and auricolic acid (20:2-OH), simplifying the FA profile analysis by gas chromatography. The marker gene DsRed allows the identification of transgenic seeds (Stuitje et al., 2003) . were also very similar to the CL37 controls (Supplemental Table S2 ). We also overexpressed
AtsPLA 2 β in CL37 using the same pGate-DsRed-Phas vector and observed a similar lack of impact on the HFA content of the resulting transgenic seeds (Supplemental Table S2 ). The absence of modification in the lipid profile in AtsPLA 2 α-CL37 seeds may indicate a lack of specificity of AtsPLA 2 α for HFA, or possibly a low degree of activity of the AtsPLA 2 α isozyme in the seed tissues. We also cannot exclude the possibility that our transgene for some reason failed to express high amounts of the protein. Fig. S1 ), it appears that at early time points both microsomal fractions 
Lines
Total lipids were extracted from CL37 and RcsPLA 2 α-CL37 seeds at different stages of development from 7 to 18 days after flowering (DAF). Total lipid fractions were separated into neutral lipids (mostly TAG) and PC (Fig. 3 ) by thin-layer chromatography. The neutral lipid fraction from CL37 seeds showed an increase in HFAs which rose from zero to 20% of total FAs in mid-development (Fig. 4A ). Developing RcsPLA 2 α-CL37 seed TAG also showed an increase in HFAs during development, but the maximum of less than 5% of total FAs was much lower than in CL37 seeds (Fig. 4C) . The ~80% HFA reduction in RcsPLA 2 α-CL37 seed TAG relative to CL37 was not confined to mature seed but was evident throughout development (Fig. 4E ).
Relative amounts of 18:3 and 18:2 also showed significant increases during development, with 18:3 increasing by 160% and 18:2 by almost 50% due to expression of the RcsPLA 2 α transgene www.plantphysiol.org on January 6, 2018 -Published by Downloaded from Copyright © 2015 American Society of Plant Biologists. All rights reserved. (Fig. 4E) . The relative amount of 18:1 in TAG only shows a slight increase during development, whereas both 16:0 and 18:0 were reduced. The differences in TAG FA composition between RcsPLA 2 α-CL37 and CL37 seeds remained largely constant beyond 13+14 DAF (Fig. 4E ).
In the PC fraction derived from CL37 developing seeds, HFA levels increased up to 9.5% in mid-developmental stage whereas 16:0, 18:0 and 18:3 levels were relatively constant throughout seed development (Fig. 4B) . 18:1 showed an increase correlating with a large decrease in 18:2 before stabilizing at mid-development. A similar pattern occurred in PC derived from RcsPLA 2 α-CL37 seeds, but HFA only marginally increased during development to 2.9% (Fig. 4D) . When comparing differences in PC FA composition between CL37 and RcsPLA 2 α-CL37 seeds, the reduction in HFA observed in PC (~70%) was similar to the reduction observed in TAG (~80%), and was constant throughout development (Fig. 4F ). The changes in other FAs were modest throughout seed development, with the exception of 18:3 that showed large differences (up to 70%) during early to mid-developmental stages before reducing to 20% at a later stage of development (Fig. 4F) . 18:1 and 18:2 both show slight increases of ~15% during later stages of development, whereas both 18:0 and 16:0 were reduced by ~50% and ~30%, respectively, during seed development. The differences in FA composition in PC between the two lines can be considered mostly constant after the mid-developmental stage (Fig. 4F) .
Total Fatty Acid Content is Increased Slightly and Germination Rate is Restored in
RcsPLA 2 α -CL37 Seeds Total FA content of homozygous seeds from five RcsPLA 2 α -CL37 lines was compared to that of the brown null-segregant seeds from the same lines and to that of fae1 seeds (Fig. 5) .
Previous analysis by Bates and Browse (2011) and by van Erp et al. (2011) showed a reductions in seed total FA content, respectively of 30% and 20% in CL37 plants expressing RcFAH12, compared to parental fae1, and the difference between fae1 and the CL37 null segregants in Fig.   5 (25.6%) is in this range. Expression of RcsPLA 2 α in CL37 seed increased total average FA content in homozygote seeds up to 5.63 μg/seed, compared to brown null-segregating CL37 seed (5.05 μg/seed). This represents a significant increase of 11.5% (P= 0.024); however, oil content remained substantially below that of the fae1 controls (6.79 μg/seed). Seed germination rates were also restored to near wild type levels from an average of 24% for co-segregating T2 CL37 seeds to 95% for the transgenic T2 RcsPLA 2 α -CL37 seeds from three different lines. RNAseq results (Table I) (Ståhl et al., 1999; Lee et al., 2005; Singh et al., 2012) . The rice sPLA 2 α is strongly expressed in seeds and other tissues (Singh et al., 2012) , while the Arabidopsis homologue is not highly expressed in developing seeds (Supplementary Table S1 ). AtPLA 2 α is expressed in vegetative tissues and the encoded enzyme likely acts in lipid signaling The rice sPLA 2 α protein fused to green fluorescence protein was shown to co-localize with an ER marker (Singh et al., 2012) . This result is consistent with our finding that recombinant RcsPLA 2 α produced in yeast showed high activity in the microsomal fraction of cell homogenates (Supplemental Fig. S1 ), but the activity in the high-speed supernatant was also high. The RcsPLA 2 α protein has a C-terminal sequence, -LHKP, that is identical to the sequence in the rice protein (Singh et al., 2012) , and this may constitute the ER retention signal.
Alternatively, protein acylation has been suggested as a potential mechanism for localization to the ER (Stahl et al., 1999) .
The enzymatic properties of the Arabidopsis family of sPLA 2 s have been well characterized, with a regiospecificity for sn-2 acyl chains and with a head group selectivity for PC and PE over other phospholipids (Chen et al., 2011 (Fig.3A) . However, this loss of oleate from PC through preferential hydrolysis of 18:1-PC over Ric-PC may be mitigated to some extent through the selective re-acylation of LPC by the endogenous Arabidopsis LPCATs (Lager et al., 2013) . The newly liberated oleic acid would have to be reactivated to its CoA-thioester, prior to transfer catalyzed by LPCAT into PC, via the catalytic action of long chain acyl-CoA synthetase (LACS) (Shockey et al., 2002) . Both specificity and selectivity assays showed RcsPLA 2 α was a more efficient enzyme than showed a dramatic decrease in HFA in PC to less than 3% of total FAs during the period of oil accumulation, compared to 10% in CL37 controls (Fig. 4) enzyme is thought to be in membrane trafficking in vegetive tissues . One possible explanation for why expression of AtsPLA 2 α has no effect on the HFA content of seeds (Table S2 ), is that the enzyme is inactive in the absence of upstream regulatory processes in seeds. However, two other genes, pPLAIIβ (At4g37050) and pPLAIIIγ (At4g29800)
are highly expressed in developing Arabidopsis seeds (Table S1 ). Our results suggest that blocking the expression of one or both of these genes may result in higher HFA in PC. Whether this would result in greater inhibition of FA synthesis (Bates et al., 2014) or an increase in HFA accumulation in the seed oil will need to be investigated experimentally.
MATERIALS AND METHODS
Analysis of Data from 454 Massively Parallel Pyrosequencing of Castor Endosperm
The corresponding Arabidopsis thaliana protein sequences were obtained from TAIR (http://www.arabidopsis.org/) and the castor bean homologues were obtained by performing a protein BLAST against the 4X draft castor bean protein database hosted by the JCVI (http://www.jcvi.org). The castor gene model identities were identified using a cutoff score of a 1000. The protein sequence of the castor genes and their Arabidopsis homologues used as query were then aligned using the ClustalX2 algorithm (Larkin et al., 2007) and visualized as a homology tree with TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). Analysis of the tree allowed identification of castor homologues of the Arabidopsis proteins. The high degree of homology (>60% pairwise id) was confirmed by aligning the castor protein sequence with that of its homologue using the alignment function in Geneious (www.geneious.com).
(Only 12% of selected protein sequences had a pairwise id. of less than 50%). Castor bean genes were named after their closest Arabidopsis homologue based on % id, if there is more than one homologue, the castor gene name was appended with a letter with decreasing levels of homology. The castor protein sequence was then used in a TBLASTN at JCVI, to obtain the nucleotide sequence. The castor nucleotide sequence was subsequently used to perform a BLASTN at the MSU Castor 454 expression database (~70,000 contigs assembled from Table I . This table also includes: the Gene family, the Arabidopsis gene id, Arabidopsis gene name, the name of the castor homologue, the castor gene model accession from JCVI and the % of homology as measured by % of pairwise identical amino acids in the aligned sequences.
Additional methodology is available from Troncoso-Ponce et al., (2011).
Isolation and Cloning of RcsPLA 2 α
The protein sequences corresponding to RcsPLA 2 α (XP_002523659) ORF obtained after Gel Extraction Kit (Quiagen, USA), and ligated into PCR-Script-Amp (Agilent, USA). Positive colonies resulting from the heat-shock transformation of XL10-Gold E. coli cells (Stratagene, USA), were determined by colony PCR using GoTAQ (Promega, USA) and the above primers.
A PCR reaction using KOD (Novagen, USA) with was used to amplify the RcsPLA 2 α sequence that was then ligated into the entry vector of the gateway system pENTR/D-TOPO (Life
Technologies, USA). Subsequent transformation of Top10 cells, and colony PCR screening allowed the isolation DNA from three colonies, PerfectPrep Spin Mini (5PRIME, USA). The
RcsPLA 2 α sequence in pENTR was then sequenced using the BigDye sequencing kit (ABI, Foster City, CA, USA), and primers RcPLA21/f, RcPLA21/r and the additional primers: M13 ( 
Plant Growth and Selection of Transgenic Plants
The different Arabidopsis lines used in the experiments are: fae1, a fatty acid elongase mutant line (AC56) of Arabidopsis ecotype Columbia (Kunst et al., 1992) : CL37, is derived from fae1, expresses RcFAH12 and accumulates ~17% HFAs (Lu et al., 2006) . Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers:
XM_002509911 (RcLACS4), XM_002532166 (RcLACS8).. 
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